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Several studies have shown that cultured rat liver
epithelial cells transform spontaneously after chronic
maintenance in a confluent state in vitro. In the
present study, multiple independent lineages of low-
passage WB-F344 rat liver epithelial stem-like cells
were initiated and subjected in parallel to selection
for spontaneous transformation to determine
whether spontaneous acquisition of tumorigenicity
was the result of events (genetic or epigenetic) that
occurred independently and stochastically, or re-
flected the expression of a pre-existing alteration
within the parental WB-F344 cell line. Temporal anal-
ysis of the spontaneous acquisition of tumorigenicity
by WB-F344 cells demonstrated lineage-specific differ-
ences in the time of first expression of the tumori-
genic phenotype, frequencies and latencies of tumor
formation, and tumor differentiations. Although
spontaneously transformed WB-F344 cells produced
diverse tumor types (including hepatocellular carci-
nomas, cholangiocarcinomas, hepatoblastomas, and
osteogenic sarcomas), individual lineages yielded tu-
mors with consistent and specific patterns of differ-
entiation. These results provide substantial evidence
that the stochastic accumulation of independent
transforming events during the selection regimen in
vitro were responsible for spontaneous neoplastic
transformation of WB-F344 cells. Furthermore, cell
lineage commitment to a specific differentiation pro-
gram was stable with time in culture and with site of
transplantation. This is the first report of a cohort of
related, but independent, rat liver epithelial cell lines
that collectively produce a spectrum of tumor types
but individually reproduce a specific tumor type.
These cell lines will provide valuable reagents for
investigation of the molecular mechanisms involved
in the differentiation of hepatic stem-like cells and for
examination of potential causal relationships in
spontaneously transformed rat liver epithelial cell
lines between molecular/cellular alterations and the
ability to produce tumors in syngeneic animals. (Am
J Pathol 1998, 153:1913–1921)
Rat liver epithelial cell lines have been used extensively
for investigation of the cellular stages of neoplastic trans-
formation in vitro. Such cell lines have been established in
culture from both normal rat livers1–3 and from the livers of
carcinogen-treated rats.4,5 Previous studies have shown
that neoplastic transformation of these cells in vitro can be
achieved spontaneously,6–8 through carcinogen treat-
ment,2,9 and by transfection with activated onco-
genes.10–13 Neoplastic derivatives of rat liver epithelial
cells produce a variety of undifferentiated and differenti-
ated tumors after transplantation to subcutaneous or
intraperitoneal sites of nude mice or syngeneic rats, in-
cluding hepatocellular carcinomas, adenocarcinomas,
epidermoid carcinomas, hepatoblastomas, and sarco-
mas.14–16 The differentiated types of tumors reflect the
spectrum of liver neoplasms that develop in mammalian
liver, suggesting that an undifferentiated stem-like cell
may represent the origin of various liver tumors in vivo.
The WB-F344 rat liver epithelial cell line has been used
to investigate the process of neoplastic transformation in
vitro and hepatocarcinogenesis in vivo.14,17,18 We have
shown previously that recovery of spontaneously trans-
formed WB-F344 cells was selectively enhanced from a
single parental population when cultures were main-
tained at confluence with infrequent passaging com-
pared with cultures maintained in exponential growth.6 In
the present study, we initiated multiple independent lin-
eages of low-passage WB-F344 cells and subjected
them in parallel to selection for spontaneous transforma-
tion to determine whether spontaneous acquisition of
tumorigenicity was the result of events (genetic or epige-
netic) that occurred independently and stochastically, or
reflected the expression of a pre-existing alteration within
the parental WB-F344 cell line. We reasoned that if the
ability to produce tumors resulted from the stochastic
accumulation of several spontaneous alterations, a large
number of independent cultures established from the
WB-F344 parental culture and grown under selection
growth conditions would acquire the ability to produce
tumors at different times and express different paratu-
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morigenic and tumorigenic phenotypes. However, if a
pre-existing heritable alteration, which predisposed the
cells to neoplastic transformation, was present in the
parental WB-F344 cell line, tumorigenicity would arise in
all of the lineages at similar times and/or the tumors would
be phenotypically similar.
Temporal analysis of the spontaneous acquisition of
tumorigenicity by WB-F344 cells demonstrated lineage-
specific differences in the time of appearance of tumor-
igenicity, frequency, and latency of tumor formation and
histology of the tumors formed. Although spontaneously
transformed WB-F344 cells produced diverse tumor
types, individual lineages yielded tumors with consistent
and specific patterns of differentiation. These results pro-
vide substantial evidence that the stochastic accumula-
tion of independent transforming events during the se-
lection regimen in vitro was responsible for spontaneous
neoplastic transformation of WB-F344 cells. Furthermore,
commitment to a specific differentiation program was
stable with time in culture and with site of transplantation.
Materials and Methods
Cell Culture and Selective Growth Conditions
Diploid WB-F344 rat liver epithelial cells1 at passage 4
served as the founder cell population for the initiation of
multiple independent lineages cultured separately under
the selective growth conditions. Normal WB-F344 cells
are contact inhibited, do not form colonies in soft-agar-
ose, and are nontumorigenic in neonatal Fischer-344
rats.1 The founding wild-type WB-F344 cell population
served as the control cells for the phenotypic character-
ization of experimental populations in vitro and determi-
nation of their tumorigenic potential in vivo. All cells were
cultured in Richter’s improved minimal essential medium
with zinc option (Irvine Scientific, Santa Ana, CA) supple-
mented as described previously.6
The experimental design for the generation of sponta-
neous transformants of WB-F344 cells by maintenance
under selective growth conditions (Figure 1) was modi-
fied from the protocol described previously.6 Eighteen
separate experimental cell populations were plated at a
density of 2.9 3 106 cells/150-mm tissue culture dish. The
final cell density of each plate was determined at the end
of each cycle of selective growth by counting trypsinized
cells with a Coulter counter (Coulter Electronics, Hialeah,
FL). All of the cells harvested from one plate were divided
equally among four 150-mm tissue culture dishes. One of
the four dishes became the experimental population for
the next selection cycle and was maintained under the
selective regimen. The remaining three dishes were
grown to confluence to provide cells for cryopreservation,
phenotypic characterization, and tumorigenicity assays.
Experimental cell populations were subjected to a mini-
mum of 10 cycles of selective growth. The nomenclature
for the experimental cell populations incorporates the
name of the parental WB-F344 cell line, the lineage iden-
tification number (L1 to L20), and the selection cycle
number (C1 to C12).
Phenotypic Characterization of Spontaneous
Transformants in Vitro
Cell morphologies and growth patterns at confluence
were evaluated by phase contrast microscopy. For de-
termination of saturation densities in monolayer cultures,
cells were plated at a density of 1.0 3 105 cells per
60-mm tissue culture dish and maintained in culture with
a medium change every 4 days. At the end of 14 days,
the cells were harvested and enumerated with a hema-
cytometer. For determination of saturation densities at the
end of a selection cycle, cells were plated at a density of
2.0 3 104 per well on a 24-well tissue culture dish and
maintained in culture with a medium change every 7
days. At the end of 28 days, the cells were harvested and
counted. Anchorage-independent growth was assayed
as described previously.19,20
Tumorigenicity Assays and Establishment of
Clonal Tumor Cell Lines
Neoplastic transformation of the independent popula-
tions was indicated by the formation of tumors after the
subcutaneous transplantation of cells into neonatal syn-
geneic rats. Tumorigenicity assays were performed as
described previously.17,20 WB-F344 cells of the founding
cell population were transplanted similarly as controls.
Clonal populations of tumorigenic cells were estab-
lished from tumors produced by the heterogeneous
spontaneously transformed lineages as described previ-
Figure 1. Experimental design for the selection of spontaneous transformants
of WB-F344 rat liver epithelial cells under conditions of selective growth.
Each cycle of selective growth consisted of 4 weeks: 1 week for population
expansion to confluence followed by maintenance for 3 weeks at confluent
cell density with weekly feedings of fresh growth medium.
1914 Hooth et al
AJP December 1998, Vol. 153, No. 6
ously.6 The nomenclature for the tumor cell lines incor-
porates the name of the heterogeneous cell population
that produced the tumor (L1–20, C1–12), the tumor iden-
tification number (T1-T6), and the subclone identification
number.1–5
To confirm their tumorigenic potential and to evaluate
their differentiation potential at a different transplantation
site, 5 3 106 cells from each clonal tumor cell line were
injected intraperitoneally into adult (3-month old) male
Fischer-344 rats as described previously.20 Studies in-
volving the use of animals were carried out in accordance
with federal and institutional guidelines put forth by the
National Institutes of Health and the Institutional Animal
Care and Use Committee of the University of North Caro-
lina at Chapel Hill.
Sections of tumor tissue were fixed in buffered forma-
lin, processed for paraffin sections, and stained with
hematoxylin and eosin (H&E) for histological analysis.
Formalin-fixed tissues were fixed additionally in 3% glu-
taraldehyde in 0.15 mol/L sodium phosphate buffer and
processed for transmission electron microscopy.
Results
Temporal Analysis of the Acquisition of
Tumorigenicity by Spontaneous Transformants
of WB-F344 Cells
Low-passage WB-F344 cells did not produce tumors dur-
ing 1 year after subcutaneous transplantation into neo-
natal syngeneic rats. None of the lineages produced
tumors before selection cycle 8, but 5/18 lineages, 7/18
lineages, and 1/18 lineages first displayed tumorigenic
potential at selection cycles 8, 10, and 11, respectively
(Table 1). Five lineages (L10, L13, L17, L18, and L19)
were not tumorigenic at any selection cycle. Tumor inci-
dence increased and/or latency of tumor formation de-
creased with increasing numbers of selection cycles in
6/7 lineages (Table 1) that were tumorigenic at more than
one selection cycle. Tumorigenic potential was not re-
lated to the number of accumulated population doublings
(Table 2). On average, nontumorigenic lineages accumu-
lated 20.1 6 1.1 (n 5 5) population doublings, and tu-
morigenic lineages accumulated 20.7 6 0.6 (n 5 13)
population doublings during the course of 10 selection
cycles.
Correlation of Phenotypic Characteristics with
the Acquisition of Tumorigenicity
Four cell lineages showed no evidence of morphological
transformation in culture during 10 to 12 cycles of selec-
tive growth. These lineages were indistinguishable mor-
phologically from confluent cultures of parental WB-F344
cells (pattern I, Figure 2A). The morphologies and growth
patterns of the other 14 lineages could be classified into
three distinct patterns of abnormal growth (Table 2 and
Figure 2) that became apparent as early as selection
cycle 5 and were maintained throughout subsequent se-
lection cycles. Three of the lineages expressed a growth
pattern characterized by foci of large polygonal cells
separated by cords of smaller cells with scant cytoplasm
that established a boundary around the foci (pattern II,
Figure 2B). In more than one-third of the cell lineages, a
Table 1. Tumorigenicity of Transplanted Spontaneous Transformants of WB-F344 Rat Liver Epithelial Cells
Lineage Selection cycle* Subcutaneous tumors†
Latency (weeks, mean
6 SEM)‡ Range (weeks)§
1 8 1/7 (14%) 15
10 7/7 (100%) 14 6 0.73 13–18
2 10 8/8 (100%) 22 6 0.56 18–23
11 10/10 (100%) 18 6 0.92 14–23
3 11 1/7 (14%) 52
4 8 3/6 (50%) 35 6 4.10 27–40
9 8/9 (89%) 30 6 2.85 22–44
10 9/9 (100%) 18 6 0.07 18
6 8 2/11 (18%) 53 6 0.36 53
10 7/7 (100%) 16 6 0.55 13–17
7 10 5/18 (28%) 35 6 1.43 31–40
11 6/8 (75%) 42 6 4.43 29–51
8 10 3/9 (33%) 35 6 2.67 31–40
9 10 2/19 (11%) 43 6 10.57 32–54
11 10 2/10 (20%) 50 6 2.21 47–52
12 10 9/9 (100%) 32 6 1.09 30–40
14 8 5/10 (50%) 35 6 1.29 30–37
16 8 1/10 (10%) 52
10 6/14 (43%) 38 6 4.34 27–52
20 10 7/7 (100%) 19 6 0.84 16–21
11 1/10 (10%) 51
Lineages and selection cycles that were negative for tumor formation are not displayed in this table. There were no differences in tumor formation
for individual lineages between male and female host rats (data not shown).
*Selection cycle following which cells were transplanted into syngeneic rats.
†Fraction represents number of rats with tumor over total number of rats transplanted with cells.
‡Mean time to detection and harvest of 1 cm. diameter tumors.
§Range of tumor latencies.
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subpopulation of smaller densely packed cells formed a
second layer on top of the attached monolayer of appar-
ently normal cells (pattern III, Figure 2C). In four lineages,
the growth pattern was characterized by the presence of
free-floating aggregates of rounded cells suspended
above a monolayer that resembled the parental WB-F344
cells (pattern IV, Figure 2D). In general, lineages that
displayed growth pattern I were nontumorigenic,
whereas lineages that displayed growth patterns II and III
were tumorigenic. Lineages that displayed growth pat-
tern IV were variably tumorigenic. The majority of the
populations did not form any colonies in soft agar (Table
2). Therefore, anchorage-independent growth was not
correlated with the expression of tumorigenicity by spon-
taneous transformants of WB-F344 cells.
Final cell densities of the individual cell populations
were evaluated at the end of each cycle of selection to
detect the emergence of subpopulations that had ac-
quired a growth advantage in the environment of conflu-
ent cell culture. The final cell density of 7/11 (64%) of the
tumorigenic lineages fluctuated minimally through selec-
tion cycle 8 but increased dramatically between selection
cycles 8 and 12, attaining cell numbers 4- to 14-fold
above those observed at selection cycle 1 (Figure 3A). In
contrast, 6/7 (86%) of the nontumorigenic lineages dem-
onstrated only slight fluctuations in final cell density over
the 12 cycles of selective growth (Figure 3B). Therefore,
the progressive increase in the final cell density over the
course of the late selection cycles was a good predictor
of tumorigenic potential at selection cycle 10, and con-
versely, minimal variation in final cell density was asso-
ciated with a lack of tumorigenic potential.
Saturation densities of the individual populations at
selection cycle 10 after 28 days in culture provided a
measure of loss of contact inhibition of the populations
after prolonged maintenance under confluent conditions.
A Baysian analysis21 of saturation densities determined
that a critical value of 3.6 3 105 cells/cm2 provided the
best separation of tumorigenic and nontumorigenic pop-
ulations at this selection cycle (correct assignments 5
83%; sensitivity 5 86%; specificity 5 80%). Six of seven
populations that attained this density were tumorigenic,
whereas four of five of the populations that did not attain













WB control I 2.40 3 105 No 0/8 0% NA
L1 III 5.80 3 105* No 7/7 100% 23.0
L2 III 6.30 3 105* No 8/8 100% 19.4
L3 II 3.40 3 105 Yes 0/8 0% 15.6
L4 III ND No 9/9 100% 23.0
L6 III 7.50 3 105* No 7/7 100% 21.3
L7 I 6.00 3 105* No 5/18 28% 21.2
L8 II ND No 3/9 33% 22.0
L9 II 3.80 3 105* Yes 2/19 11% 22.1
L10 I 2.60 3 105 No 0/7 0% 20.7
L11 III ND No 2/10 20% 21.7
L12 IV 4.60 3 105* Yes 9/9 100% 19.2
L13 I 5.00 3 105* No 0/8 0% 20.6
L14 IV ND No 0/10 0% 17.4
L16 III ND No 6/14 43% 22.4
L17 IV 3.20 3 105 Yes 0/5 0% 20.4
L18 I 3.60 3 105 No 0/8 0% 16.2
L19 IV ND No 0/9 0% 22.7
L20 III 1.90 3 105 No 7/7 100% 21.3
Refer to the text for a description of each morphological pattern. Positive growth in soft agar was indicated by the formation of 0.05-mm-diameter
colonies by more than 0.1% of the 1.25 3 104 cells plated under standard conditions. The number of population doublings per selection cycle 5
1n[(nf)/(ni)]/1n2 where nf is the final number of cells present on the dish at the end of a selection cycle and ni is the initial number of cells seeded at
the beginning of the selection cycle. ND, not done.
*Statistically significant differences from the WB control (n 5 2).
Figure 2. Morphology of cultured WB-F344 cell lineages maintained under
selective growth conditions. The 18 individual lineages were characterized
by four distinct growth patterns at confluence. A: Pattern I (WB-L10C9); B:
Pattern II (WB-L3C9); C: Pattern III (WB-L1C12); D: Pattern IV (WB-L19C9).
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this density were nontumorigenic (Figure 4). Although the
increases in saturation density were statistically signifi-
cant, none of the populations attained densities greater
than threefold that of the parental WB-F344 cells.
Phenotypic Characterization in Vitro and
Tumorigenicity in Vivo of Clonal Tumor
Cell Lines
At least two independent clonal cell lines were isolated
from tumors produced by each of seven spontaneously
transformed lineages of WB-F344 cells. Almost all (14/16)
of the clonal tumor cell lines exhibited a loss of contact
inhibition at confluence, demonstrated by significant in-
creases in saturation densities relative to parental WB-
F344 cells (Table 3). However, none of the cell lines
attained densities greater than threefold that of the pa-
rental WB-F344 cells. One-half of the clonal tumor cell
lines were capable of anchorage-independent growth
although the average colony-forming efficiency of these
lines was only 3.4% (Table 3). Despite the low capacity
for anchorage-independent growth, all of the clonal tumor
cell lines were tumorigenic at the intraperitoneal trans-
plantation site (Table 3). In general, the latency of tumor
formation for individual tumor cell clones derived from the
same tumor was similar and was significantly shorter than
that observed for the parental lineages from which they
were originally derived.
Histological Analysis of the Tumors
The spontaneously transformed lineages formed a variety
of tumor types including hepatocellular carcinomas, ad-
enocarcinomas, cholangiocarcinomas, and hepatoblas-
tomas (Figures 5 to 7). Most (65%) of the 103 tumors were
classified histologically as poorly differentiated hepato-
cellular carcinomas. These tumors consisted of pleomor-
phic epithelial cells that were arranged primarily in cords
or sheets interspersed with various amounts of connec-
tive tissue (Figures 5 and 6A). Some of the hepatocellular
carcinomas were moderately differentiated and formed a
trabecular pattern interspersed with intercellular spaces
resembling sinusoids (Figure 5B). Nine tumors (9%) were
classified as hepatoblastomas because the cells resem-
bled small, primitive hepatoblasts (Figure 5C). Lineage 6
at cycle 10 (L6C10) formed a mixed epithelial-mesenchy-
mal tumor that contained foci of osteoid tissue (Figure
5E). Twenty-seven tumors (26%) were classified as ade-
nocarcinomas; seven of these tumors were classified
more specifically as cholangiocarcinomas. The cholan-
giocarcinomas were composed of glands or duct-like
structures with irregularly shaped lumens lined by a sin-
gle layer of columnar or cuboidal cells (Figures 5D and
6B). The cholangiocarcinomas ranged from poorly differ-
entiated to well differentiated. The twenty tumors pro-
duced by lineage 4 were similar histologically and were
classified as poorly differentiated adenocarcinomas.
These tumors were often hypocellular but contained
prominent duct-like structures that were heterogeneous
in size, shape, and density, and some contained an
unidentified secretory product (Figures 5G and 6C). The
duct-like structures were surrounded by a scant mesh-
work of epithelial cells and connective tissue.
Intraperitoneal transplantation of the 16 clonal tumor
cell lines into adult syngeneic rats produced a total of 41
tumors, including poorly differentiated hepatocellular car-
cinomas (24/41, 59%), poorly differentiated adenocarci-
nomas (12/41, 26%), and osteogenic sarcomas (5/41,
9%). L6C10T5–2 and L6C10T5–3, derived from the
L6C10 tumor that contained osteoid tissue, produced
tumors composed almost entirely of a boney matrix and
contained cells that resembled osteoblasts and oste-
oclasts (Figure 5F).
Ultrastructurally, the cytoplasm of the epithelial cells
constituting the various tumor types contained prominent
Figure 3. Final cell densities of spontaneously transformed lineages. The
final cell density of each individual population was determined at the end of
each cycle of selection and provided evidence of the emergence of subpopu-
lations that had acquired a growth advantage at confluence. The tumorigenic
lineages demonstrated significant increases in final cell density between selec-
tion cycles 8 and 12 (A). In contrast, the nontumorigenic lineages demonstrated
minimal variations in final cell density throughout the study (B).
Figure 4. The 28-day saturation density assay. Cell densities of the individual
populations after 28 days in culture were used to monitor the emergence of
subpopulations able to proliferate at confluence. Six of seven populations
that attained cell densities greater than 3.6 3 105 cells/cm2 (solid line) after
28 days in culture were tumorigenic (filled bars), whereas four of five
nontumorigenic populations (empty bars) did not attain this density.
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nuclei, abundant free polyribosomes, rough endoplasmic
reticulum and lysosomes, and occasionally, lipid droplets
and glycogen. Structures resembling bile canaliculi and
desmosomes were apparent between adjacent cells of
some tumors and numerous irregular microvilli extended
from the surface of the cells into the extracellular space
(Figure 6, C and D). Bundles of collagen fibers were seen
in transverse and longitudinal section in the extracellular
matrix surrounding the epithelial cells.
The majority of the spontaneously transformed lin-
eages produced tumors that exhibited a lineage-specific
pattern of differentiation (Figure 7). Moreover, several of
the lineages that were tumorigenic at more than one
selection cycle produced tumors with consistent patterns
of differentiation from cycle to cycle. In addition, the
histological classification of intraperitoneal tumors pro-
duced by the clonal tumor cell lines was similar or iden-
tical to that of the subcutaneous tumors produced by the
corresponding parental cell lineage (Figure 5, F and H).
However, tumors produced by the tumor cell lines were
often less differentiated than those produced by the pa-
rental cell lineages.
Discussion
We used the selective growth condition of prolonged
maintenance at confluence to potentiate the emergence
of spontaneously transformed populations of WB-F344
cells to characterize the timing and independent origin of
cellular changes culminating in spontaneous neoplastic
transformation. We have established more than 200 re-
lated (18 lineages 3 12 selection cycles), but distinct,
cell populations that represent progressive steps in the
pathway to spontaneous neoplastic transformation. Indi-
vidual populations were characterized for the expression
of multiple cellular phenotypes, including the ability to
produce tumors in vivo. Morphological changes in rat liver
epithelial cells transformed spontaneously under the se-
lective growth condition of maintenance at confluence
have been described previously and include growth in
multiple layers, decreased cell adhesion, and the loss of
anchorage dependence.8,22,23 In this study, spontane-
ous transformants of WB-F344 cells displayed similar
cellular traits and population growth characteristics. Mon-
tesano et al24 reported that cytological characteristics
were a reliable means of determining the tumorigenic
potential of cultured rat liver epithelial cells. More re-
cently, Huggett et al8 evaluated the tumorigenic potential
of normal and morphologically transformed clones of rat
liver epithelial cells established after temporary mainte-
nance at confluence. Clones with normal morphology
were unable to form tumors in nude mice, whereas all
morphologically aberrant clones formed tumors.8 The
present study demonstrated a similar relationship be-
tween morphological transformation in the individual lin-
eages and their ability to produce tumors in syngeneic
animals. The presence of a limited number of altered
morphological growth patterns among the multiple lin-
eages suggests common mechanisms of transformation
among subsets of lineages or a limited number of path-
ways leading to neoplastic transformation.
Histological analysis of the tumors produced by the
independent lineages, and cell lines established from
these tumors, demonstrated that spontaneous transfor-
mants of WB-F344 cells have the capacity to differentiate
along both hepatocytic and bile duct epithelial lineages.
The spectrum of differentiation expressed by the sponta-
neous transformants differed significantly from that of
chemically transformed derivatives of the WB-F344 cells.
Spontaneous transformants of WB-F344 cells did not give
rise to epidermoid carcinomas or undifferentiated sarco-
Table 3. Phenotypic Characterization and Tumorigenicity of Transplanted Clonal Tumor Cell Lines Established form Spontaneous












L2C10T3-2 1.54 3 105* Yes 2/3 16 6 0.79 16–17 HCC
L2C10T3-5 1.23 3 105* Yes 3/3 15 6 0.58 14–16 HCC
L4C8T3-2 1.83 3 105* ND 3/3 15 6 0.57 13–15 Adenocarcinoma
L4C8T3-3 1.63 3 105* ND 3/3 13 Adenocarcinoma
L6C10T3-1 1.47 3 105* Yes 2/3 42 6 4.50 38–47 HCC
L6C10T3-2 1.18 3 105* Yes 2/3 18 6 3.00 15–21 HCC
L6C10T5-2 1.12 3 105 No 2/3 55 Osteogenic
sarcoma
L6C10T5-3 1.42 3 105* No 3/3 55 Osteogenic
sarcoma
L7C10T3-2 1.37 3 105* Yes 3/3 13 6 0.81 12–14 HCC
L7C10T3-5 1.59 3 105* Yes 2/3 27 6 4.07 23–31 HCC
L14C8T1-1 1.98 3 105* No 1/3 19 HCC
L14C8T1-3 7.10 3 104 No 3/3 6 6 1.28 4–8 HCC
L16C8T1-1 1.55 3 105 ND 3/3 15 6 1.71 12–17 HCC
L16C8T1-2 1.30 3 105* ND 3/3 15 HCC
L20C10T6-1 1.94 3 105* No 3/3 8 6 0.10 8 Adenocarcinoma
L20C10T6-5 2.05 3 105* No 3/3 9 3 0.43 9–10 Adenocarcinoma
Positive growth in soft agar was indicated by the formation of colonies by more than 0.1% of the cells plated under standard conditions. The
fraction of intraperitoneal tumors represents the number of rats with tumors over total number of rats transplanted with cells. Latency is the mean time
to detection and harvest of tumors.
*Statistically significant differences from the WB control (n 5 3).
1918 Hooth et al
AJP December 1998, Vol. 153, No. 6
Figure 5. Histologies of tumors produced by parental spontaneous transformants and derived clonal tumor cell lines. Representative histologies of tumors
produced by the heterogeneous independent lineages and their corresponding clonal tumor cell lines are displayed. A: Poorly differentiated hepatocellular
carcinoma (L7C10); B: Moderately differentiated hepatocellular carcinoma (L14C8); C: Embryonal hepatoblastoma (L9C10); D: Cholangiocarcinoma (L20C10); E:
Hepatoblastoma with a focus of osteoid tissue (L6C10); F: Osteogenic sarcoma (L6C10T5–2); G: Poorly differentiated adenocarcinoma (L4C8); H: Poorly
differentiated adenocarcinoma (L4C8T3–2). The histology classification of the intraperitoneal tumors produced by the tumor cell lines was similar or identical to
that of the subcutaneous tumors produced by the parental cell lineages.
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mas, which constituted approximately 10% of the tumors
generated by the carcinogen-transformed WB-F344 cell
lines.14 Consistent with this difference, other investigators
have noted an absence of mesenchymal components in
tumors produced by spontaneous transformants of other
rat liver epithelial cells and have suggested that mesen-
chymal differentiation is a rare spontaneous event.8,16
However, one of our spontaneous transformants pro-
duced osteogenic sarcomas that contained well differen-
tiated bone. The spectrum of tumor types generated by
the spontaneous transformants of WB-F344 rat liver epi-
thelial cells also differed from that reported by investiga-
tors who have used the same selection protocol to neo-
plastically transform other rat liver epithelial cell
lines.7,8,16 Five lineages of spontaneously transformed
RL-F344 cells described by Tsao et al7 produced only
poorly differentiated adenocarcinomas in syngeneic rats.
In contrast, all of the spontaneous transformants of RLE
cells described by Huggett et al8 and Williams et al16
produced well differentiated trabecular hepatocellular
carcinomas in nude mice. In each of these studies, the
spontaneous transformants gave rise consistently to a
single tumor type. The more diverse spectrum of tumor
types produced by the spontaneous transformants of the
WB-F344 cell line may suggest that WB-F344 cells are a
more primitive, multipotential stem cell with a wider dif-
ferentiation potential than the rat liver epithelial cell lines
used by other investigators.
The consistent and specific patterns of morphological
differentiation displayed by the spontaneously trans-
formed lineages of WB-F344 cells are particularly intrigu-
ing observations. Individual lineages of spontaneously
transformed WB-F344 cells demonstrate commitment to
formation of a specific tumor type in contrast to chemi-
cally transformed WB-F344 cell lines, which exhibit
marked phenotypic plasticity, randomly forming any of a
variety of tumor types on transplantation.14 Although the
differentiation pathway of rat liver epithelial cells may be
modulated by a variety of complex factors, including
numerous growth factors,15,16,25,26 tissue microenviron-
ment,27–30 and cell-to-cell contact,31–33 the differentiation
status also is affected by genetic programming.34,35 Lin-
eage-specific patterns of differentiation probably reflect
the selective outgrowth of a tumorigenic subpopulation
from the heterogeneous parental populations of cells.
The observation that the tumor morphology is maintained
in vivo (in both subcutaneous and intraperitoneal sites of
transplantation) in the tumor cell lines suggests that com-
mitment to formation of a specific tumor type and level of
differentiation occur early in the transformation process.
In summary, four significant observations made in this
study provide substantial evidence that spontaneous
transformation of individual lineages of WB-F344 cells
can be attributed to unique events: 1) phenotypic diver-
sity and differences in tumorigenic potential among lin-
eages that have undergone the same experimental reg-
imen (ie, the presence of nontumorigenic and
tumorigenic lineages), 2) the variable temporal appear-
ance of tumorigenic subpopulations over the course of
multiple cycles of selective growth, 3) variations in fre-
quency and latency of tumor formation among the 13
tumorigenic lineages, and 4) lineage-specific patterns of
tumor cell differentiation. Furthermore, to our knowledge,
this is the first report of a cohort of related, but indepen-
dent, clonal tumor cell lines that collectively produce a
spectrum of tumor types but individually reproduce a
specific differentiated tumor type. Consequently, these
cell lines represent valuable reagents for investigating
the cellular and molecular mechanisms involved in the
neoplastic transformation and differentiation of hepatic
stem-like cells.
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Figure 6. Transmission electron microscopy of tumors produced by sponta-
neous transformants. A: Moderately differentiated hepatocellular carcinoma
(L6C10) showing numerous pleomorphic epithelial cells. Magnification,
32100. B: Well differentiated cholangiocarcinoma (L20C10) showing a lu-
men lined by cuboidal cells. Magnification, 33200. C: Poorly differentiated
adenocarcinoma (L4C8) showing two epithelial cells joined by desmosomes.
Note the prominent glandular lumen surrounded by extracellular matrix
components. Magnification, 39600. D: Poorly differentiated adenocarcinoma
(L4C8) showing microvilli extending into the extracellular space Magnifica-
tion, 320,800.
Figure 7. Classification of tumors produced by spontaneous transformants.
Paraffin-embedded sections of tumor tissue were stained with H&E. Tumors
were classified histologically by light microscopy, and the distribution of
tumor types produced by each tumorigenic lineage is displayed. The majority
of the independent lineages of spontaneous transformants produced tumors
that exhibited consistent and specific patterns of differentiation. Several of
the lineages that were tumorigenic at more that one selection cycle produced
tumors with consistent patterns of differentiation from cycle to cycle.
1920 Hooth et al
AJP December 1998, Vol. 153, No. 6
References
1. Tsao M-S, Smith JD, Nelson KG, Grisham JW: A diploid epithelial cell
line from normal adult rat liver with phenotypic properties of ’oval’
cells. Exp Cell Res 1984, 154:38–52
2. McMahon JB, Richards WL, delCampo AA, Song MK, Thorgeirsson
SS: Differential effects of transforming growth factor-b on proliferation
of normal and malignant rat liver epithelial cells in culture. Cancer Res
1986, 46:4665–4671
3. Tsao M-S, Liu C: Inhibition of growth of early passage normal rat liver
epithelial cell lines by epidermal growth factor. Lab Invest 1988,
58:636–643
4. Braun L, Goyette M, Yaswan P, Thompson NL, Fausto N: Growth in
culture and tumorigenicity after transfection with the ras oncogene of
liver epithelial cells from carcinogen-treated rats. Cancer Res 1987,
47:4116–4124
5. Fausto N, Thompson HL, Braun L: Purification and culture of oval cells
from rat liver. Cell Separation Methods and Selected Applications, vol
4. Edited by Pretlow TG II, Pretlow TG. FL, Academic Press, 1987, pp
45–77
6. Lee LW, Tsao M-S, Grisham JW, Smith GJ: Emergence of neoplastic
transformants spontaneously or after exposure to N-methyl-N9-nitro-
N-nitrosoguanidine in populations of rat liver epithelial cells cultured
under selective and nonselective conditions. Am J Pathol 1989, 135:
63–71
7. Tsao M-S, Shepherd J, Batist G: Phenotypic expression in spontane-
ously transformed cultured rat liver epithelial cells. Cancer Res 1990,
50:1941–1947
8. Huggett AC, Ellis PA, Ford CP, Hampton LL, Rimoldi D, Thorgeirsson
SS: Development of resistance to the growth inhibitory effects of
transforming growth factor b1 during the spontaneous transformation
of rat liver epithelial cells. Cancer Res 1991, 51:5929–5936
9. Tsao M-S, Grisham JW, Nelson KG, Smith JD: Phenotypic and karyo-
typic changes induced in cultured rat hepatic epithelial cells that
express the “oval” cell phenotype by exposure to N-methyl-N9-nitro-
N-nitrosoguanidine. Am J Pathol 1985, 118:306–315
10. Garfield S, Huber BE, Nagy P, Cordingley MG, Thorgeirsson SS:
Neoplastic transformation and lineage switching of rat liver epithelial
cells by retrovirus-associated oncogenes. Mol Carcinog 1988,
1:189–195
11. Houck KA, Michalopoulos GK, Strom SC: Introduction of a Ha-ras
oncogene into rat liver epithelial cells and parenchymal hepatocytes
confers resistance to the growth inhibitory effects of TGF-b. Onco-
gene 1989, 4:19–25
12. Hampton LL, Worland PJ, Yu B, Thorgeirsson SS, Huggett AC: Ex-
pression of growth-related genes during tumor progression in v-raf-
transformed rat liver epithelial cells. Cancer Res 1990, 50:7460–7467
13. Presnell SC, Thompson MT, Strom SC: Investigation of the coopera-
tive effects of transforming growth factor a and c-myc overexpression
in rat liver epithelial cells. Mol Carcinog 1995, 13:233–244
14. Tsao M-S, Grisham JW: Hepatocarcinomas, cholangiocarcinomas,
and hepatoblastomas produced by chemically transformed cultured
rat liver epithelial cells: a light- and electron-microscopic analysis.
Am J Pathol 1987, 127:168–181
15. Tsao M-S, Zhang X-Y: The effects of continuous exposure to epider-
mal growth factor on the spontaneous transformation of cultured rat
liver epithelial cells. Am J Pathol 1992, 140:85–94
16. Williams AO, Huggett AC, Thorgeirsson SS: Pathology of spontane-
ous and oncogene transformed rat liver epithelial cells and derived
tumours in nude mice. Int J Exp Pathol 1992, 73:99–114
17. Tsao M-S, Grisham JW, Nelson KG: Clonal analysis of tumorigenicity
and paratumorigenic phenotypes in rat liver epithelial cells chemi-
cally transformed in vitro. Cancer Res 1985, 45:5139–5144
18. Tsao M-S, Grisham JW: Phenotypic modulation during tumorigenesis
by clones of transformed rat liver epithelial cells. Cancer Res 1987,
47:1282–1286
19. Tsao M-S, Earp HS, Grisham JW: Gradation of carcinogen-induced
capacity for anchorage-independent growth in cultured rat liver epi-
thelial cells. Cancer Res 1985, 45:4428–4432
20. Coleman WB, McCullough KD, Esch GL, Civalier CJ, Livanos E,
Weissman BE, Grisham JW, Smith GJ: Suppression of the tumori-
genic phenotype of a rat liver epithelial tumor cell line by the p11.2-
p12 region of human chromosome 11. Mol Carcinog 1995, 13:220–
232
21. Galen RS: Statistics. Gradwohl’s Clinical Laboratory Methods and
Diagnosis, ed 8, vol 1. Edited by Sonnenwirth AC, Jarett L. St. Louis,
CV Mosby, 1980, pp 41–68
22. Borek C: Neoplastic transformation in vitro of a clone of adult liver
epithelial cells into differentiated hepatoma-like cells under condi-
tions of nutritional stress. Proc Natl Acad Sci USA 1972, 69:956–959
23. Morel-Chany E, Guillouzo C, Trincal G, Szajnert M-F: “Spontaneous”
neoplastic transformation in vitro of epithelial cell strains of rat liver:
cytology, growth and enzymatic activities. Eur J Cancer 1978, 14:
1341–1352
24. Montesano R, Drevon C, Kuroki T, Saint Vincent L, Handleman S,
Sanford KK, De Feo D, Weinstein IB: Test for malignant transformation
of rat liver cells in culture: cytology, growth in soft agar, and produc-
tion of plasminogen activator. J Natl Cancer Inst 1977, 59:1651–1658
25. Nagy P, Evarts R, McMahon JB, Thorgeirsson SS: Role of TGF-beta in
normal differentiation and oncogenesis in rat liver. Mol Carcinog
1989, 2:345–354
26. Zhang X, Wang T, Batist G, Tsao M-S: Transforming growth factor b1
promotes spontaneous transformation of cultured rat liver epithelial
cells. Cancer Res 1994, 54:6122–6128
27. Coleman WB, Wennerberg AE, Smith GJ, Grisham JW: Regulation of
the differentiation of diploid and some aneuploid rat liver epithelial
(stemlike) cells by the hepatic microenvironment. Am J Pathol 1993,
142:1373–1382
28. McCullough KD, Coleman WB, Smith GJ, Grisham JW: Age-depen-
dent regulation of the tumorigenic potential of neoplastically trans-
formed rat liver epithelial cells by the liver microenvironment. Cancer
Res 1994, 54:3668–3671
29. McCullough KD, Coleman WB, Smith GJ, Grisham JW: Age-depen-
dent induction of hepatic tumor regression by the tissue microenvi-
ronment after transplantation of neoplastically transformed rat liver
epithelial cells into the liver. Cancer Res 1997, 57:1807–1813
30. Coleman WB, McCullough KD, Esch GL, Faris RA, Hixson DC, Smith
GJ, Grisham, JW: Evaluation of the differentiation potential of WB-
F344 rat liver epithelial stem-like cells in vivo: differentiation to hepa-
tocytes after transplantation into dipeptidylpeptidase-IV-deficient rat
liver. Am J Pathol 1997, 51:353–359
31. Marceau N: Biology of disease: cell lineages and differentiation pro-
grams in epidermal, urothelial and hepatic tissues and their neo-
plasms. Lab Invest 1990, 63:4–20
32. Bisgaard HC, Nagy P, Ton PT, Hu Z, Thorgeirsson SS: Modulation of
keratin 14 and a-fetoprotein expression during hepatic oval cell pro-
liferation and liver regeneration. J Cell Physiol 1994, 159:475–484
33. Bisgaard HC, Ton PT, Nagy P, Thorgeirsson SS: Phenotypic modu-
lation of keratins, vimentin, and a-fetoprotein in cultured rat liver
epithelial cells after chemical, oncogene, and spontaneous transfor-
mation. J Cell Physiol 1994, 159:485–494
34. Zaret KS: Genetic control of hepatocyte differentiation. The Liver:
Biology and Pathobiology, ed 3. Edited by Arias IM, Boyer JL, Fausto
N, Jakoby WB, Schachter DA, Shafritz DA. New York, Raven Press,
1994, pp 53–68
35. Pietrangelo A, Shafritz, DA: Gene expression during pathophysio-
logic states. The Liver: Biology and Pathobiology, ed 3. Edited by
Arias IM, Boyer JL, Fausto N, Jakoby WB, Schachter DA, Shafritz DA.
New York, Raven Press, 1994, pp 85–98
Spontaneous Transformation of WB-F344 Cells 1921
AJP December 1998, Vol. 153, No. 6
